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SECTION 1 
INTROXJCTLON 

Wcm tranapcrr aircraft generally require t:.e use of high- 

aapect-ratio V i q s  and, aa a t c s d t ,  can ererience significant aeroelastic 

effects during flight. These effects range in severity frcm induced 

a8xd.aetic mists that aodify r ig id  aircraft airload distributions t o  

flutter phmmena vhich =y cause tne castaatropic destruction of aircraft 

coatrols a d  liftiq zuzfaces. Thua, the accuzate prediction of potential 

aerorlputic ?robless- especially f l u t t e r  i a s t a b l l i t i e s ,  i- an importam 

is-sor in tke production of safe, efficient f l i g h t  vehicles. 

The a v a i l a b i l i t y  of acccrate computatioual aerodynamics methods i s  

criticai t o  &h successful development cf . :€liable aeroelaedc prediction 

techniques. In the past &&a, the production of larger,  h i g k y + e c d  

cmputars a m  advua:as in c a a p u t z t i o d  f l u i d  dynamics hav l ed  to the 

development cf imprcved numerical aerodynamic analysis procedures+ One of 

the mjc  objectives of these ;~aearch efforts has been the d e v e l o p a t  of 

analysis nnthoas for  mateadp transonic flcvs. This glphasia fs due, i n  

wt, to tts potaatial performance hprov-eots which sa be obtaLnad Kith 
transoait cruise aircraft. 

Yew reaputational m e t k d s  have recently been develsped f o r  calculat iq 

ImCh two- a d  three-dimeasiod unsteady transoak flows. In two 

d;remiam these new codes inciude =derate- frequency excemiions of 

L W  (Ileferesrcc 1)- full-poteatial equaticn s d v c r s  (References 2+), and 

lint,, =tF-od& %Ac:- s!mck-w.ue s i c ion  z p p r o r h t i o n s  (Xefereaces 7 >  8 ) .  

Zo* three- i imenaiod f l a w  - ; L , ~ Q ~ ,  time-accurate csrnputer progzams are 

c u t e a t l y  1- the dewelops i ta l  stage a t  Boeing (Reference 91, che 
k&.eed-Geor&ia Company (heiercnce lo!, HASA-Ams (Reference ll), and ihe 

SAL (Reference 12>. 

Because of these research prograns, Zeu codes are reacMag a level  of 

develoixn~nt &ic$ warrants carrelaLioa with test data. A systematic 

1 



correlation e f l o t t  vi11 help to establish code accuracies, efficieucies, 

ami r q e s  of applicability. In addition, such correlations are necessary 

to provide the insight  required fo r  further code refinements. 

Unfortunately, unsteady experimental data suitable far code cotre- 
latioa efforts are scarce, and are virtually non-exfatent fcr advanced- 

technology wings at transonic speeds. Although experbents (Ekftrence 1.3) 

have k e n  conducted at XASA-Laqley f o r  - supercritical transpart u i q  u i t k  

oscillating control surfaces, further experimental research is needed t o  

investigate additional unsteady motions, such as w i n g  pitching a d  kndiag 
oe i l la t ions .  

To meet this -4, a coapctativt progrars was b i t i a t e d  in 1979 to 

produce unique =steady transosric aerodynamic data on an aft-laded 3-D 

transport aircra-ft type a-4. This p P o g i a  resulted from colanton bterest 

a t  Lockhaed-Georgia, AFUAL, N A S A ~ i e y  and the Ht3 in the acquisition of 

high-qualfty test data to validate otu computational methods and to provide 

m i g h t  into 3-D uruttady tiamoic flaw phenaacm. This cooperative 

effort bas becaw kuovn aa tht LAXi ptagrm- 

The nra;sr ob3ectiocs of tbe  LA.W test program were :o: 

<I) Fabricate a model representative of a modem technology cransport 
d a g  and suitable f o r  unsteady testing '2 both t h e  S T  tunnel  at. 

the X ?  h r e r b  and iz the W facility a t  USA-Langley. 

(2) Acycire 3kt Gf high-qrral,cg, correlation-tailored, transcdc 

t e s t  data f o r  steady and unateady flcw conditions ic :he .ST 
tunael. 

( 3 )  Utii ize  selected ' po r t ions  af these data t o  correlate theoretical 

tcsuLrJ frsaa several 5-9 tzanssni;-flcu computer T r o g r a s .  

Under the -LUWi program tgreanent, ,A.EG&, acnitered and c o a t r d e d  tie 
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The p a r t r y  chosun for the LhEM progru was large scale 
version of a dq previoruly &rIga&d and t e s t e d  by the Lockheed-Ceorgia 
Capaay d e r  f a  frc, the AFaSlL (Raferulce 14). This vlpe g r a a t r y ,  

designated W i q  h In Rafuence l b ,  sa8 picked fo? th. LMef unsteady tests 
for several mamans- F i r s t ,  Wins A u a  roprerant.-'3.ve of a 

-technology u u u p o r t  vi- (i.e. high uyurt ratio, Boderate wing 

s u m p  and -st, s u ~ r e r i t i c a l  airfoil = C C ~ O M ) .  Second, an extenaiva, 

strrdy trmma;lc--floU dim b u e  for this geattry  wu available t o  guide 

planning of the u 3 . t e d y  t u t  prograr. Pinally, the simple plaLf0rp used 
in the Ulng A design a d  fa%lit.tc fabrication of the d e l  and 

elCninlte -& p u t i o n  of geaetric ccmplexitp when evaluating nrrnaricdl 
remalts o b t . r c  f r a  PLV trYuoafc flw cmputcr c d e s .  

The UIlB v i n g  rodel was design& to u t i a f y  several different test 

ps0gt.r o b j e c t i v e s .  Coaridaratloa. of thrst objrctivrs determined the 

rerclcturd mater-, fabrlcatloa techniques, and r).pcs of instrumencarion 
u)cd in the final modal design. 

h major objective of the Lhf3N prograa uas to produce a uicg model 

su i tab le  for testing both in the High Speed Wind ?unci  (ET) at \rZR and in 
ttu crpograic b t i c d  Tranaouic Fac i l i ty  (W) a t  U - L a r r g l e y .  W s  Last 

requircoant demands that the d e l  be strong and stiff enough f o r  unsteadr 

tests a t  cryogenic teaperatucs. To be acceptable f o r  t c s t iq ,  X&A 

has specified certain miLFnun iequircPtnts for  fracture toughness a t  c q o -  

g a d c  temperatures which ca;lnar, be 7net with steels ordinarfly used for  ulnd 

tunnel testing. Therefore, !n order t o  meet W A  standards, the.+A! model 

vas fabricated ::-A Xtronic  4C Stainless Stee l .  aarerial. uas chosen 

for LZC ioiioviag rcagoa~: 



(1) r c c a p t ~ b l e  r t r w t h  as r o a  t.rperaturea 

(2) gad otr-tb at crpogeuic tarperatures 
(3 )  taughll(rr a t  cryogenic t a p r a t u r c s  

( 4 )  

(5) 

r u h r  to uc- than o:har u t e r i a h  considered 

brttar corroaioa rarisumce thon other materials considered 

Ill.0, riocr t h  tuzmel e n t q  data i a  ezpecsed to occur after 1984, 
thr p o a a l b i l i e ~  for retrofit of instruaen*atioa pru m hportmt  

duign cbustra.int. Therefore, to permit acceaa to the ving 

P W y ,  the porvlbFlftf of future rasureh opplicrtioas for the ULNN 
uing - cooridered La thr drrfgn of the d e l L  To satisfy this objecrivc, 
thr TUtiB rodel drrrfga intotpotseer protrfnioas for active 

.Iletou,uinglpyloduacdh, rad uiPg/w!-qlct configurations * These 
prowisLoaa illcluda: 

(1) a &tachable .ilercxn with space f a r i d e  the d e l  for an a e r o a  
oscil lator and provisioa for s t r t i c  rileroa dcflactlos ccstfng. 
b u d  points for fatUte d t i o a  of a pylm and nacelle+ (2) 

(3)  h r d  p in t8  for future dditioll of Uing t l p  devices (winglets, 

rails, etc.). 

2. 

?ne LUX model planform is S ~ Q M  ia P l g u c  1. I h c  d a g  has straight 

leddm aad trailing edges. The planform aapect ratio,  leading edge sweep, 

and wing taper r a t io  u t  typicai of &ern transport wing dasigm. 

Ge-tsic'paramtters for the model art l i s t e d  in Table 1.. 

The location and dizaeasions of the al larcu cutout aze also shovri in 

Figure 1. Por the p s c s a r  clean uia cts ts ,  aa aileron was lastailed in 
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tb. vi- cutout. This 8ilato11#8 fixed at a taro degree deflection by om 
bracketn artlched t o  the "per portlou of tha vlng d e l .  The bardpoint 

1oc8tioao for rotmt- 8 p y l a  or vi- t i p  devico are Lflrcwlsc tsldicrtad ia 
Figure 1. 

Tka a i r f o i l  rrctions usad ia this viug &ealgn are from a f d l g  of 

supertr ie icd  airfoi l .  developed by the bckheed+aorgir Capany. Tha uiq 

rbpe in defined by two coatto1 st&tr&s; one at the wing root and the 

other at  the vi- t i p .  T b  wing der- ordinatan for intermediate span 

stat,onr uere generated by linear l o f t  between the wing root and tip. The 

coat- stat ion rfrfoil a h p e a  u* rhova ia F i g u r e  3. 

Xn ordQr to provide a data base which could be used co verify 

transonic-flow computer codes, the L4B4 atadel was iPstrtrmtn:cd to meaaure 

surfaca pressures at  a large number cf locations on the w i n g .  d t o t a l  of 
240 stat ic  prtsrura o r i f i c e s  ucse positioned in chordvise rays at 6 wing 

5pan ststforis. 0114 hundrad and fortp-four criflces e r e  located on the 

wing upper surface, a l e  the  t m a i n g  96 orifices were placed on the 

lower surface zovzr plate. The spanwise locations cf the pressure Qrifice 
row arc shown Ln Figure  4 .  The chirdwise iocatians of the pressure 

o r l f i c t a  are givea in Table 10, 

e 



Tw MO. of static pressure orifices are located oa the inboard region 

of the ring *re 8 double shock formation uas crpected bred  oa earlier 
Y i q  A Lasts (Uferaace 14). The i i r s t  row is at 2O-perceaz scdspm . a d  

the ucoud row is a t  32,S-p.rceat &span. The pylodnacelle hardpoint is 
louted at the 60-pmrcurt &span. Borr of pressure ori f ices  m u l d  be 

doira&le 00 eittut rid. of the pylon, .o the 32.S-p.scmt roo uas mirrored 

with 8 third ram at the 47.5-prrcent uml8pa.n. A fourth orifice :ow was 

locatad a t  the canter of the fired ving a i l era ,  uhih t&e 4t.5-percent row 

-8 mirrored vith a f i f t h  raw at the 82.5-prc811t m t i o a .  P i d l y ,  the 

s ix th  static preuute orifice rao was poris iod near the *tip at  

Ptipercaot . r i .pu l*  

Qual length stainless steal tuber -re connected ta each prcsaure 
OtiflCt from inride the ving i n t 8 ~ ~ l  crvity.  The tubes yare solacred at 

tb ori f icu  with a ntuid which is cniuble for a cryogeaic tes t  

urvir-t. Ih. tu&s #re rhrn routed out of the w i n g  root, along 

chmnds aillad into the iatrrrul sarfrces of both the upper and lower 

surface cover p l a t u .  P l ~ i ~ y ,  the twes -re divided into saucral groups, 
ea& group ktryl at- to m clectrooic acmning vt iv r .  

A d d i t i d  pruuue ruuiq ixutruuaatatioa a m i s t a d  of 22 indi-id& 

Vadevcc d-c pressure uannducirs. n a s r  precsure transducers were 
posittoasd d o n g  the wing sprn in tm &rGulse rowa. The spanrise 

locations of tb.a c r d u e e r i  is show in Figure  4 and the ckoradsc 

Pou&ioos arc l b c e d  in Table 11. Each transducer -8 located apptcxi- 

satoly .W15 rech to 00- s ide  of im azistfng pressure tube orifice and 

farteaad by holders attached to the h i d 8  of the uppar surface plate. The 

wire leads €or each transducer ‘were shielded by stainlr;~ ;’eel tiabins and 

rourad out of the vixq root. 

Surface presaurc lecov-rapants QO the  LANN d e l  were made using the 

:!.It measurement. teehniqi;?-* This =shod is particularly w e l l  suited t o  

h A d l e  a h k f e  uumber of -asaurc data  at a rs lat ive ly  1065 cast. The 

p r i n c i c h  of thio technique is to uae cmutntional s t a r k  pressure 



tub./8camlng valve imt rumsa ta t ioa  for  dJP.lfc u -11 ar static 

u u u t u e a t a .  I n  th. s t u d y  case the  pressure at the  tu r f ace  o r i f i c e  is 

z 8 ~ 0 1 - d  directly. For uusttadp €1- cases, b u e v e r ,  the  tube &dmxry, 

n a n  pressure level ,  c4.lgrtssibFlitp e f f r c t a ,  red frequeacy of the pressure 

fluctuatioa plry a riqnificant role in t h e  dynamic respnsc of the 

-i* S 7 8 t r .  mtr.fOre, dUr* W t r r d y  t Q s c i u ,  t ha  pre88uta 

mm8ur.d at  c b  8cuming valve had t o  be adjusted in magnitude and m e  t o  
corrupond t o  the uzturl pressure at t he  d e l  surfcce. To d e t a m i n e  t h e  

~ c c 8 s . u ~  tuba rupoase correc t ions ,  the actual t r a n s f e r  func t ioer  of a few 
reference tuber uert wuad u l t h  eht i r r r i t u  - n o  tr.EUbuCers. The 
muured truufar hurct ioru =re then u u d  t o  calibrate t he  rmuining 

pressure tub6 respoaus.’ mther d e w s  of the Ynttcady pressure 

m e a e n t  t rchaigue u t  g l v m  in b f c r e n c e  15. 

During u a 8 t u d y  t u t i n g ,  the model uroelastic mode sh-.>c was measured 
ruiw 12 accdero#ters and o m  LVM- Thr LVM uas positioned near the 

wing roae r t o t i o u  and =a uHd to m c i t o z  the amplitude azui frequency of 

shrr ootion input to t&e rodel. The accelrrauters were locatad in 
cirard9im toy. at  4 H 4  span stations- The p iac ro tn t  of thasc  

rccelerauterr ou C h  w h g  plan2ora is 8 h m  in Figure 4 aad the  chordwise 

Iccrtions ara U t e d  ic Table 12. The wire l u d o  to each uzcelrraetcr 
were rwted ~ u t b i i d ~  of t ha  &el through stainlcsa steel tubing. 

%ring unsteady tests, the a e r o e l a s t i c  mode shape of the L&.l model 
was mea*.ured dlrcztlp usirsg in-siru accelerccleters. BBwver, for steady 

flow conditioaa, no similar direct masuresent of the d e l  static aero- 
t l a a t i c  deforaation -8 &e. Therefore, in order t o  permit an estimation 

of static aera las t i c  cfFects  on the T 2 i H  wing, =&el s t i f f n e s s  

d i s t r i h t i o a s  uerc aeasuad after azrodynadc t e s t i n g  ia the i 3 T  f a c i l i t y .  

This effort war funded under Lockhted’3 Inslcwatcnt Research and 

Development p r o g r a .  The model atructural data is reported hers co provide 

a =re colnplete data baa3 fo r  the  ‘&-tX t e s t  programb 

3 



For t he  rOd.1 r t l f f n e s r  musure=eats, it IUS assumed that the gross 
structural propertias of eha XAHN wiag could be adequately o o d c l s d  using 6, 

bor reprr8entat ioa.  Thir u8raphioa  is baaed upon r cans idera t ion  of the 

foulwing i t a :  

(1) wing mpect tat16 

(2) l l t roaic  40 structural p r o p r r i r r  

(3) wing thjckmss d i r t r l b u t i o n  

( 4 )  intuded uae G f  stiffness data ( L e .  atimatioc of p r h u y  

uroilu6lc  M s t  a f f r c t r )  

The a l r r f i c  jriS of tu0 beam rodel war usumed t o  lie d o n g  the  38% chord 
liar ob the wiq. This l oca t ion  f o r  the elastic axis  a8 chosen based on a 

graphic&?. a a d J 1 8 i S  of the d a g  u c t i o d  area d i s t r i b u t i o n s .  Thio d g r s i s  
SLzo rccoPmtad f o r  th. iaturnal m d d  cavities dong the bdng spanl 

The s t i f f n m o  proper t ias  of the UM30 ulng ware mzasused uaing 

coaoantio& f o r c e d e f l e c t i o n  tecaniques. These mmsureaents -re obtained 

at wing span location8 shon, in Pigura 5 .  h torque bar at tached t o  the 
wing t i p  was used to apply knows forces  and m a t s  at  the elastic axis 

locatfon.  Rotatfan anglus ?uta than aeasured using a l i g h t  ka~ which was 

r e f l e c t e d  oata a f ixed  grid wttcrn from mirrors a t tached  to t he  wing a l o n g  

the i l r s t i c  axis. I h e  l abora tory  seeup far t U s  test permftsed siope 

IMeMucasnts within .004 dagree* 

The dag E1 and CJ d i s t z i b u t i o n s  were obtained by first plotting t h e  

measured values of be2dfng and torsional slopes versus span loca t ion .  

passillg smooth curves through this data, and then determining, graphicd.lp, 

&\e der iva t ives  of thasr curves a t  se lec ted  in t e rva l s .  The r e s u l t i n g  

baading and to r s iona l  stiffness d i s t r i b u t i o n s ,  E1 and GJ, are giuea in 

T a b l e  13 sad  plot ted  Figures 6 and 7 .  

The beam d e l  reprevantstion fo r  she T A L '  w i u  tias ueritiea by 



carpariron of corputed and measured vibration characteristics of the m o d e l .  

The 10 lotrust caotflavar wing modes uui frequencies VCrt measured using ai 

-pact uulyrer. The f lrat  four of these modes are shorn i n  Figure 8. 

Hat, 1 ~ 8  and Inertia distributioaa were calculated for the wing model. 
Them data arc gfvan in Table 14. Finally, the measured E1 and GJ 
dirtrikrtiom, together w i t h  the calculated 0.d. properties, were used to  

caputa an estimate of the lovort four wiag Podelr. h cc~mpariroa of 
-ed and calmlatad aaturai frequencies i r  gfven in Tabla l5* Also 

r h m  in this t a b l e  u a  the four lowest v i n g - i n m t  d e s  measured by the 

IfLL h cap.riooa of the M% rod Lockhaad tes t  ruul tr  giver an M i c a t i o n  

of the effects of wingbunt flexfkllity the wing vibration 

C h a s ~ t 8 s i S ~ i C S -  

10 



SECTIOFd 111 

TEST FACILITY 

Tests of t h e  CBMH wing d e l  were performed in the t ransonic  wind 

t;~oal (HST) of the National Aerospace 'Laboratory (&E), Amststdam. This 
ir a cloa2.d circuit wind runnel wlrh a t a r t  sacrion of 1.6 x 2 ' C  meters and 
a welocity range of Ha, - 0.C t o  MOR - 1.28. mfcal Reynolds maaber3 of 
5 x 10' kamd OQ maan r u s o d ~ c  chord were attaixmd 01: the model during 

tasting. 

me Wing modal was at tached to  a support that ma mounted a t  the side 
-11 of the tunnel tes t  section. This support mechanism was dcs?.gned and 

built by t he  N T A  The aean q l e  of attack of the d e l  could be adjusted 

remately OVei a L3 degree raslge with tcspccr co a preset rzference angle. 

This reference angle for  the wing mount warn adjusted by rotati- the 

mounting systm wFth respect t o  the ora3t3. caatsrliaa. 

F i e  support ailso p e d t t a d  wing odcillatious la p i t c h  about an axis 
n c d  t o  t he  tunnel side vall. The p i t c h  axis i n t e r sec t ed  the ving roc: 
at a pasltioa 62.1% of chord aft of the  h a d i n g  edge. For unsteady testing 

rha -axial. was drivaa by a hydraulic arciter which was control led by a 
v a r i a b l e  frequency oucillator. The amplitude cf o s c i l l a t i o n  could be 

va r i ed  by adjustfng t he  travel d i s t ance  of the  hydraulic exciter shatt. 

The asa,litudc of o s c i l l a t i o n  could be adjusted up t o  2 1.0 degree, vhile 

t he  freqzenry c c d d  ?x varied k:;aen 0 and 72 Sertz. Figure 9 i l lus t ra tes  

tna #ing/muat mechui3a. The ~ 5 . ~ 8  is shorn installed in t h e  EST facilir.. 

l a  the photograph of Sigure 10. 

h schcmatic of the &It's data acquisition and reduction system call td 

PHAROS (Processor for U 3 t o d c  Analysis af the  Response of Oscillating 
Surface.) 1s sham in F i 6 - t  11. The XIAROS sgsten  is an accurate cmpcrter 

coa t ro l led  multichannel t r a n s f e r  funct ion a d p e r .  This system is c a p a j l e  

of a-lint analysis of incoming data from 42 channels, measured simui- 

taneously+ 9 cmplcte desc r ip t ion  of the system caa Se found i n  Ihr'crence 



16 frtm which Figure 11'S.s adapted to re f l ec t  the LBNN test equipment 

coufivation. 

A unique feature of the PHAROS system is %he capability f o r  repid 
on-line data reduction during terting. Output quantities from the PHAROS 
system are the zeroth (sturdy component) a d  the real and imaginary 

coolponents of the first harmonic of the unsteady pressures. In addition, 
higher harmonic contributions can be measured uhea required. Section lift 
and moment cucfffcients are also absahed by integration of surface 

presocrr distrihtianr,.  



SECTION IV 
-i&W TEST P R O W -  

The vi. tunnel t e s t s  of thc  LANN model were performed i n  the BST on 
Dscmhr 14-17, 1981. The test schedule was chosen to provide aerodynamic 

data fcr variations of the following parameters: 

(I) 'i3aci.I p\1p'D6r 

(2) Mean angle-of-attack 

(3)  hp l i tude  of pitch osci l lat ions 

( 4 )  Frequency of pitch osci l lat ions 

The tests covered 2 Mach number range between M a =  0.62 and M o o =  Mean 

aqles-of-sttacli cf between -.4 to 6.0 degrees were examined. For unsteady 

tests, the aspXtude of oacillation ranged between e.25 and +1.0 degrees. 

The reduced Luequency, based on wing root chord, uas varizd between k = 0.0 
and k *  l . O e  A t o t a l  of 217 steady and unsteady test runs were made in the 

$ST fac i l i ty .  For these tests,  trausitiou was fixad by application of a 

g r i t  s tr ip  011 the upper and lower wing surfaces. To simulate the  Wing A 

crawit ion locatfan, the grit strips were positioned .?l itches aft and 
T;rallel t o  the leading edge. Each g r i t  striq %as 2 ppt in width and 

coasistcd of 62 d c t o a  diaacter carbonindm 220 grit. 

The tunnel test conditions for the LA3N wing are summarized in Figure 
12. The Figura shows the l i f t  coefficient versu Mach nmher variation f o r  

each man angle-of-attack exam:2ed in tl ik tes t  progrm-. Also shown in the 
figure arc Lie conditions fez with frequency swecL and quasl-steady data 

were clbtained. 

Vrl-ues cl' the parameters U @ d  in ea& t e s t  xi a m  indicated in Tables 
16 through 21 v h i c h  aro adapted frMn Reference 17. Table 16 lists the.test 

parameters and corresponding run I3 numbers f o r  the  steady-flow conditions. 

T a b l e s  1 7  and 18 list similar information for the <*;steady test conditioiis. 

me basic unsteady ezhedula, sham in T L b l e  17, w a s  performed with a 



constant  2-25 degree amplitude of o s c i l l a t i o n .  Additional unsteady d a t a  i o  

examine the e f f e c t s  of amplitude v a r i a t i o n  and the  significance of higher 

harmonics are itemized in Table 18. Finally,  test run nunberz EJd flow 

parameters are l i s t e d  i n  Tables 19-21 € b A  quasi-steady con5Liions and a 

number of miscellaneous unsteady test c b u d i t i a s .  

A complete description of tne experimental data obtained and Catz 

presentation formats f o r  t h e  LANN wing can be fotnd in the  NL.R f i n a l  t e s t  

report (Reference 17). Amoag t he  data recorded irr the report f o r  each test 
conditioa arc the following items: 

Reynold's number 
Mach number 
Mean angle-of-attack 
Frequency of o s c i l l a t i o n  

Amplitude of oscillation 

Chordvise pressure distributions 
Sectioaal l i f t  and mment c o e f f i c i e n t s  

TotalsLng l i f t  and a m e n t  c o e f f i c i e n t s  

Unsteady a a r o e l a s t i c  Lvcie shape 

I 

majority of the LBNN wing aerodynamic data was obtairred f o r  

Iiow condifions. However, r o r  steady flab, an angle ai attack 

sweep was made a t  M a =  .82 t o  provide separated flow pressure u t a  a t  

transonic conditions. In additlicn, unsteady separated flow data was 

obtained f ~ r  s u b c r i t i c a l  and supercritical conditioas.  



L3 1977, the Ur Force Syscmw Command irutiatzd 3 program v i t s  the 

Wing U i t a r y  arcraft ,  Capany to develop practical computational methods 

for the analysis of tmsteady transonic f l o w  over clean three-dimensioual 
wings4 Bs a result of t h i s  rescaxh effozt ,  a pilct cornputer p r o g r a ,  

known as rCraarnS (Referme IS), tKs recertl; been r s i e a s e d  t o  tfre Bir 

Force a d  EIBSB labratoriea. 

IC addition to XZRM3S, a caputer program developed i z ~  I979 undor a 

Lockheed-Geotgia IUD project, vhica coupled a d l  dist*cbance steady 

i l u v  uiq coda af U a y - 3 c l l h s ; J  (bference 191, with a t ~ ~ - d i n z c n s f ~ n a l  

boundary-layer crJe  of Xdial ly  (Refereme 20) vas used f o r  ~ e a d y  flow daza 

correlation. This program al lows the selection cf acp n u ~ ~ b e r  of 

predetermined sparrsta-ions where weak coupling of the boundary-layer is 

desired. Also, cbc pragras user uiap s p e c i f y  the n.umber of times that 

botxidary' layer calculations are pertomed during the iterative solution 

Procedure. m s  feature permits the ;sser to reduce computer run t h e s  for 

cises &ere 30t.dary layer effects are not expected to s ig rd f i can t lg  madifg 

t.:e outer p o t e n t i a l  f low solut ion. 

The airfoil-section geometry usLd in the XIXA33S esce vas i c t - v l a t e d  

from polynllreials fitted t o  tne measured ving ordinates that are shown 2s 

Figure  13. '=hi2 is regarded as t he  reference pas i~ iop? of the ving. can 

be seen ia the f i g u e ,  L . . ~  s tat ic  P i s t  of the win%: vhich i_q r 

ccunter-Llockwise twist frm the rwt  t o  t h e  t i p ,  is inciudea 22  the t i h g  



rafarauce geanetry. For Wag A, ou the other hand, LLO d a g  twist is 

included fa the ving tafcttact  getmetry and the wing s v i s t  distribution 

need8 to ba included i n  t h e  input data set f o r  code correlation. The same 

geaaetry used in - 3 s  uas also u e d  aa input f o r  Bailep-Ball$Pus/Xc.Wly 

(B-BfH; code t o  U t a h  cansisteney of the ordinates used in coaputationsc 

A grid of U span statioar by 39 points along tach span station vas 

used in L;ha corputrtitm with m S  code and a grid .of 2.5 'by 33 w z s  ?used 

in the B-BJX code. 

In the X I L U 3 S  progrsm, one cf the optioar, that a user can choose is 

the set of coefficiened fcr the dit:=ubancc equation used in the 
,-ugram. These coefficient aecs are dtaignstec as NLB, Ames, classical and 

iinear. h t h e r  option for the type of equation that a user can choose is 
either to inshdc -A sacand b t r i ~ a t i v t  :em of v e h c i c p  potential v i t h  

respecc t o  &the for high freql;ency - a e s ,  C ) L  ts neglect it for  IOU 

frequency cases. CIOly l-ted effort uas made in this study  to examine the 

9ifects of these different options on :he f i n a l  sa lu t iou  due t o  the 

l initat ioaa b the a v a a b l e  coquter resources. U i t f ,  the uccpr ion  of 

several andyad-3 d e  using the NASA-Amca coeff ic ients ,  all ol t he  c?lcula- 

tatas psdc in this ? t d y  sere v i t h  FA coefficients and Lou frequeocy 

cptioas for steady -low and the t;ia!i frcqiisc3p optloo f o r  unsteady ffou, 

?Se majority of the code correlations, both steady and unsteady,  which 

are presented in t h i s  secrica are centered aroqmd t h e  desig-, ccnditions of 

Xach number 0.82 and mean -,e of aztack * 3.60 degrees* 

11 STEADY FLOG 

the following, the code carrelation z e s u l t s  using h e  t e s t  &ta of 

both the LUN W i n g  (kfetence i7) and U i q  A (Xeference 14)  and tie 

computed r e s u l t s  of xTXAIl3S and S-3:'X c d e s  are pzeseDted. For steady flog 

caiculatizns, the XTT&?3S ? r o g r z i  whi_r_i- s t s  Lzvek:+ i islzg <be unsteaay 

form cf the d l  f i s t u r h n c e  eq;Latiozi, treats the f l a w  as a traasleot 



flou- rtU flw ia fnpubivel]r started f r a  rest aT tm ztru a d  tbe 

cmputrtioo is coothued tntil ill tranaicnts tuve either caaplctely o r  
marl? disappeared. Far comenLcnce, the term 'Choids-tr~VeI'd" is used 
ln this m p r t  to describe the state of numerical computation or the 

dis+mncl iri teru of the wing root-chord that  the has travelled during 

th ct=p:atfor;. The nrskt of chord Lengths traveled refers t o  A t . m n b c t  

a€ f f srt t i~r~a.  A good Fllnlcratlmc of t h i s  is shwa in Refereace 
21, we 285. 

The t h e  h i s t o r i e s  01 the eing mmai force for several typicd runs 
are  s h m  in P - a r c  16, 'he mnuirical results seen to have converged 

after  504) time steps (approximately 20 t a  GO chcrd lengths,  dependerr: CP 

tFnr stel;:; hmver ,  the r;sdts may &ou a lou amplitude, low frequeacg 

ntinericil oscFllaCiom L L ~  time progresses fnrther, Since :he var?.atic;a cf 

the rttults vith respect to time is so ssaL1, m e  mag accept t k e  results 

ss converged at  any poiat after t h e  503th time step ui22cut Acurring a 

significant error. 

Figures 16(a) and 16(b) zespectively shcv the typ;sal c o w e r g e x e  

pattern uf a low and a high Yach umber f,ou c t ~ d i ~ x ~ z ,  "'-e == stop 

sizca. used were sespectivel;. 0.C25 a d  0 04, -- --e IOU Y a m  atmcer c a e  



converged in less tlyn 200 ifcrotiono vhcrslo for the high Mach number i t  

t d  about koo iceratioma. la 

nuticeably Eiffsrenr- Ytuthes tha dlffrtrace In the convergence pattern 
acrollll in tbse two  figurer was CIUMd by the different tint s t e p  size used 

in these two ruas or the diffuence in the shock strcagth Fp chc flowfield 
has wt beea irf-~ucLq.:rd- Hapwsr, me would suspect t h a t  tn t  shock 

Streqtth hu a x e  to do aith thr commrgmce _attern thur the iategatioa 

The coavrtgaaca pattern for these two 

t h e  s tep  s a  &* 

is &oo versus 3OC- m e f a r e ,  i t  appears t o  k that if a ,lLght error in 

the f h a l  solutioa i, tolerable, a s t l I t  frm an already aarcrged result  

aag signiftcan&lg seduce w t e r  nra costs. 

The cowcrged steady flou resuits frax the XlTLW3S code f o r  tbe design 

codi t ioas  ate sbaua Fc Figure 17 e i c h  Lpo includes the UW wing 

ex-prizez*d &+&- t=picztiai -a5 iiade witin a time step sire of 0.04 

a d  iterated fcr 12'20 t h e  steps. The code tends to der-estimate t h e  

irrctioa oa the upper surface. HocIcv~r, there is g o d  agreaaent in slhock 

locatlaas and prusure rtcsrcry bchiad the stock except aear the sing t i p .  

3 e  agremeat cf the psessuzt distribution on the iouer surface, ia 

general% is fairly .go=, but t h e  c=pasisoa, as OR the upper surface, also 

deteriorates ~lear t k e  t i p -  

h sknilaz cmparison u t t t :  the r e s u l t s  obtained f rom the invlscid arid 

v i sc id  opt loas of E-SJU code is SLOW- in Figure IS. >e boundary layer 

effects cmd LO lowr suctioa peak a d  mue the J.=ock w v e  f ~ s u a r c .  



Yhan the flow is not separated, thc boundary-layer effects do not appear t o  

Be very large.. h e  corrrlatiou. of the results obtained from the B-B/Y 
code, u i n  the X2EAKJS w, is aot very satisfactary near the tip. 

Althoq' a s t r i p  baunduy lapr  approliartion is adequatt i n  the mid span 

Kegion or mdatately tvrpt  w h  a p e c t  rrt ia  uings, an accurate FrediCtiOU 

of v l s e a u  effect8 at the ufng rip would raquiit the w e  of a fully 3 4  

bcmdaryhyer method. 

Tt~e pruaura coeffiticnt distributiotu of the V F q  shorn in Figures 17 

&d 18 a-e cahiaed 8nd rbuu  la Plgure 19 where the results from three 

r t b b d r  are capared v i t h  the experiacatal darn. the figure, the B-E 

iadicrtrs the i n v i s c i d  option of the B-a,% code. The suction peak of 

3TIUY3S rnrlr ~:rrehtes  3etter v f t t r  ~ 3 -  ntasured data near the wing t i p .  

m a r ,  the E 4  ~t B-B/Y b = w  5ecz.s: agreeziear tit$ &*& s a y  fraa 
the t i p -  

In otdar t o  calcuiatz quani-steady presrrul-e d i s t r ibu t ioas , .  @YE 

S d d i t i o d  ateadgrflou coaditioaa were caaputed using both the XXiAlY3S and 

the E-B codes- For tbese analyses, the OLIP angle of attack uas perturbed 
by 20.25 degree fraa the design c o d t i o a  of 0.6 degree. Shorn in Figures 

20 and 2; are th. rcbultr ob*&& respectively f r a  t!!e -.3S and B-B 
c&s for a I i c h  -kr of 0.82 aad waa anglas of attack of 0.35, 0.60 and 

0.85 dsgrae at span-statim8 *ere m u t e d  data are  avaiLaable. The 

results obtP.fned f r a  thc -'LS c d s  showed Q S ~ Z C ~  z+?Aiii=i effect, 

especially the s h i f t  cf shock locrtioa. A cmaller charge isl t he  m a n  angle 

ot attack -5 bc necessary to use -3s cadc for t he  quasi-steady 

d y s  Ad 

%e effect of the psedn angle of aLtack an the noma2 force and zment  

of ttL ving a t  a fixed S c h  aumber (X- = C.32) is s h o w  F3 Figures 22 and 
23' A differtote :;1 thz slcpe and t x o  ?ift &ngLe cf the measured no& 

force fcr rLU?i Y i r y  and W i z g  A can he steu i r r  Figtze ;*(a). Tne difference 
in the Uiag h and ?AS data are rust l i k e l y  due to vind tunnel w a l l  

aterfereace eifects or t o  Lie t2F.e of tunnel wall cocfigurAt1on used 



durirq teoeing (porous versus rloceed walla) .  This figure also show that 

the dope rt.m&ima m a r l y  const&uL for both LBEeJ Wing aad W i a p ,  ;. until the 

rn.lr of attack is greater than 2-0  degrees beyond which she ilsw starts t o  

separate fraa the mid spaa. 

Ilgura 22(b) sbwm the ccmputed variation of the LBNEi wing normal 

fora  r i c h  che waa angla of attack at a fixed Mach number. The agrcePrtnt 
wlth the a p . t i n o t r l  drtr a t  lorar -le cf attack was very 8 4  but the 

nrnrricrl mmzbds tailed to generate arlningful results &sa the strong 

flaw separation took w e -  A sinilar carparirou of the pitching m a t  

cmff i c iant ,  about t b  aerodynamic canter (see Plgure l), is shown iii 

Figure  23. The -reemeat of the viscld results of B-Bh code y i th ,  ?h+ 

m u r e d  data is very good at lover angle of attack, while the agrseaent is 

eolp fair for thc invisc id  tersrlts of E-E asld XTUH3S codes. 

m e  -mal force lad sm-ac, vasiaticn at a fixed mean angle of attack 

(016 degree) with zerpect eo t k c h  n-xakr a r t  & o m  in Figures 24 and 25, 

tupectlveiy.  a g r m n t  between the measured normal force and t h e  

results of P B / M  code is very good at lower U h  number. A t  wher Xach 

number, tha coaplrimn u s  cot possible because of the flow seyirazion. A 

s U a r  comparison of the pitch rrrrrnt coefficient, about the aerodynamic 

center, is sb..ua I& P Q u r t  25. The correlatioa with the expeziraental data 

was quite good, as in Figure 23* The span loading at the design Bach 

nuder (0 .85)  for various angles of attack is show in Figure 26. In 
general, the B-B/M c d e  gives the best correlation- Z i n a l l y ,  pressure 

distrihutioas at  a number of sparstat ioas  at  0.G degree angle of attack a t  

various Xach numbers calculated with -3s cbde is plotted i.a Yigurc 21. 

The coalinear effects due to a change in PAC$ aum;)c?r seem9 to  be srroager 

atas the wing t i p  than near the uiag raot. 

The daca ecrzslat iscs fcr ;;nstealy transonic flow were Frformed with 

XTW3S using the option & a h l e d  “dynamic a m l y s i s  of a f lex ib le  uing with 

22 



rpeclfled modal Potion“. la addition to this, the B-B/X code was used t o  

guurrte quasi-steady results- 

An XTl!AN3S run y.8 made to simalatu Teat &ua Btnrter 73 (see Iablc 22), 

n a a d y ,  Hach number 0-82,  m u n  Mgle of attack = 0.60 degree, and p i t c h  

amplitude 9 0.25 &grm at 24 cycles per secoad- The experinentally 
ausured LUU!? U h g  rode rhsp. uas uud u input for rhe XTFAH3S nm. The 
crrutudy fiau results wing the converged steady state  flow f io ld  u the 

IdtU conditioer attained s t u d y  sinuauidal state in lesa than two cycles 

of caputatioa. A rather s m a l l  tima step size (0-06265 for a reduced 

frcqueacy of 0-2046, 720 rttpr!cpcla), hwcvtr, war reqdrcd in this 

exampla t o  numerical stability- 

Other sia.ilat ~rm - ~ e  &= .-.-L= =* ht=’ -+iy 48 -- __ -- -- .Lc sz fzsqizsixy, 

and 72 Hz, under the s u e  flaw csnditioru+ These ry0 nms -re to simulate 
T e s t  Ehrn Piitrakrs d5 asxi 87. TlFlc tiae step site far the 48 Ez case.vas 
0.04233 (360 rtepdcyclc) and that For the 72 Hz caac uas 0.04283 (260 
atcps/cyclaf. The tint history of the wing no& forct is shorn id 
Pigaras 28(0), (b> uul (c) fo.- rest Elus 73, 8 5 ,  &d 87, raspective.‘,y. It 

Fs noted that the larr the reduced fraquacy,  tha fewer OlfPbCr of cycles 

are reqdred foz tha caaputstioao to  a’,tain the cowatget! steady slauoida: 

results- This m y  tx attributed to the fact that waJe p r o w a t i o n  is 
hverscly proportional to the ;educed ireqwneg. At the lower frequency, 

t h e  affects  of b&ry coaditions, both wing ==face aua fair-field, are 

fed into the numerical ccaputatioa i&Sttr than the at  higher 

frcqucxy. Thua, the oolutioa t o  t5e bundry VLW problem is attained at 

a “*d%t~r f a d e .  By tw same reason, the tm Adient caused by the irnnuluive 

s _- i: of uing nozior at t h e  UYG, dzcaycd faster for the lau fraquency 

case tuz far the high frcquc .cy case. 

Tnt =as-aed wing mode shape as given in Reference i7 coasists of 

contributions froax heave and pitch. The contribution from heave, however, 
is much smaller than t a t  from pitch.  X s h o r t  n m  w a s  made w i t h  the  ? i t c h  

alaac by acglectiq the contr iwrioa f r a  heave. 3.e effect of ”nea-Je, as 



00. cycle each of the meisured noma2 forca vasiatioil  is shown In 
P Q w e  28(d>. Tbc mun vduaa and ampllrudcs of the measured and the 

calccrlrtd dam are sumarized in Table  22. As can be seen, the agreement 

b.ttam sad the COawtd results ir 

L cclrprriboa of the d c u l r t e d  and measured surface pressures during 

one c y c h  of pitch osci l lat lcm for Bun 85 (reduced frequency 0.40657 or 48 

Br) at thr v u i w  m a r  posftioaa is shown in F i g u r e  29,  and a 

cmparisoa of the prrsaurc coefficleat along various span-stations at 

differat  ugdu pmitlooa is ahova in F * s c  30. me fluctuation of 

pressure over the wing during one cycle of pitch  oscl l izr ion is rather 
-&& e?-- ---='-i-l f - -= = y o r . ~ ~ -  aaca L i i ~ d l y  s'eou any shoe'; nov-ot. The 

rzstrlzo of XSLM3S. hawever, shw a 5 t3 ;O penceat r h d ~  a t l r s i o n ,  

w i - s t e a d y  rcsulta obtainad frop the rceat;? flow data S$OM in 
Plgsrcs 26 and 21, (8t duign  coudltiona) are presented in Figure 31. The - -Le of attrek yu perturbed positively and negatively frcm t h e  

design condltiou by 0.25 drgree. rht agreement berueen the computed and 
measured data on the lower suface, in general, I s  aurch better than tnat m 
the uppr &tarface. This obviously is caused by the existence of :he shock 

on the upper scfscc. The quasi-steady s p a r r l d l n g  distribution is show 

i= ?*;'e 32, 3sae of t h s  cmapueatlonai mechocir correlated vel1 v i t h  the 

eqxriincatal- dat.?. The results of B-313 code apFear@d t o  do better than 

the rssulrs chtaiatd frm the h l s c i d  XEUH3S ad 9-B codes. 



SECTICN V I  

(xx!icmSIOHS 

A high quality erperfnantal data base L s  been established for a 

transport type advanced techology ulng i n  the transonic flow regime. This 
daw hu bu been obtdnrd fur both r t u d y  and unsteady flou coudit iow,  

and i.aduda8 vuirt ioar of Mach uuaber, nean -le of attack, pitch 
o r s i l l a t l u u  fraq-y and a p l i t u d a .  The uperkrutal data contains a 

hrga mPbQf of attached flw c o d i t i o n , ,  and 8hould be invaluable f o r  

a P d w t i o n  of currant coqutatloarl methods. Ih additiaa, a limited amount 

of separated flou &&a, obtained for both steady and unstesdy conditions, 

5 h d d  provide w e  ia developing mort versatile caaputatlod methods 

ia the fucafe. 

b l in i trd  nxz!xber of corralat ixs  L&t-szez zho exprdrreai  b r a  ana 

c a s p z a t i o a d  results have bean performed. A conparisan of the steady frow 
results from the XTRAN3S and the  h v i s c i d  Bkilcy-BdL.lhaus codes id i ca tes  

that,  even both codas uerc b e d  cm the d l  dist-srhnce 

assUnptiGns, the W e y - U h a a s  coda gives barter agrceoerrt with the 

arperiaental data than the XTRAB3S code. The inclusion af  buundary-layer 

e f fec t s  for attached flau CuPdicious, dthough lovering the overall suction 

levels, dafinitelg improved qr-nt with the tas t  data ia the region 

behind tile 3hock. 

The x138p13S code has a vide variety af options that a user can se lec t .  
fioucvcr, only a limited mahr of options prowided in the code have bee?, 

exercised in the study reported here. h more exteaaivc study f o r  the 

GiZ2crent uacr options available in this psogran, especially f o r  unsteady 

ifflow analysts, needs to SC performed before a more definitive assessment of 

XTRAH3S code c a p a b i l i t i e s  can bt made. muever, there are a f e w  

isprovaaencs of a a r e  h i c  nature that m y  be des irabh.  These are as 

fslloua : 

- 

1. S i m p i i f i c o t i o n  of the restart data f i l e  - Thij olodification w u i d  ~ r 3 i G  



t&3 poss ib i l i ty  of either loading a wrong set  of input data, or of 

inadvertently chaagi- data that needs to r d a  constant throughout on 

the continuatioa m r  

2. W i f i u t i o n  of spurwise grid input data - This Podificaticn would 

avoid +he oaad of chan&.. the  grid diatritutioa for different vings. 
ff an adequate grid distribu*+on is found and this grid is expressed in 
tarma of semi-rp8n instead of the reference chord, then the same data 

may be uaad for different wings uithoue any changes. 

3. Inclusion of an automatic convergence criterion - At the present time 

an aut-tic convergebe criteria docs not exist in XTUN3Sa 

IostaUatioa of t h i s  feature i n  -3s would very l i k e l y  decrease the 

mdxzr <sf iterations actually perfonncd in getting converged solutions. 

24 
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TABLE I ,  IANN WING GEOMETRY 

AR 

C r 
x 

b 

S (SEMI-SPAN) 

MAC 

YMAC 

PlTCH A x ! S  

7.92 

0.361 Y! 

0.4 

27,493 

25 .oo 

0 

1.0 rn 

*429 rn 

-4.8' 

t 12 

62.1% cr 



2, LANN WING MEASURED 0.9DI;GATES AT THE ROOT CHORD 

Root chord TI = 0 
Local chord = 3 6 0 A  mu 

. -  
upprr ride 

o.nz6r i  
0.02166 
O . O Z S l 6  
0 .  on95 4 
0.00361 
0 . 0 ~ 0 0 0  

4 .pa391 

+ . 6 i t % 9  
-0 .0195S 
-~ -0 42306  

+1.00939 

1-r ride 

X/C x i c  -sic ! t. /e 

o.nooncr 
a .nnni 2 
n,ooo29 
o.no050 
n .no06 3 

O . W I O W  

n . o n i 6 i  

13.00087 

0.00121 
a . 9 Q I  35 

O.QQ!?0  
n .OD 1 ZQ 
0,00215 

0,00247 

0.00311 

0.60363 
0,00382 
0.00402 
0 .on42S 
3.00159 

0.00533 
0 -005 6 5  

O , n O b k ?  
O=f lO??S  

0 .00740 
O . O O i 7 6  
0.00814 

0.00237 

0 .002n2 

0.00334 

0.00499 

o.norl02 

0.00710 

3.00452 
n .qonas 
0.0091 6 

6.00995 
0.01flS9 
0 .fl! 090 
0.c1131 
0 .0  1 ‘ 0 7  
0 .01297 
n . n i 2 4 1  
0 . P 1 2 7 9  
0.0131, 
!? .n: jg+ 
5.2111R: 
0 . 0 1 4 1 2  

. 3  I 5 t , R  
n.n l f iZ2 
I I 0 fi I h ‘I I 

G.00953  

0 . n i 4 ~ f i  
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T U L E  3. !ANN NfNG W U R E D  ORDINATES AT W E  P% SPAN STATIGN 

. 
appr s i&  



TABLE 4, LANN WING MEASURED ORDINATES AT THE 32J% SPAY STATiON 

uepr ai& I 
d e  -/e X/C -/e X f  e -/e 



1 ; C  ?/e - X/C */e 

lorrr .i& 

xie * 'e ric 3 1 C  



i&c& chard = 220.29 am 

I a p p r  lib 

rfc * l e  



I 
o . n n 1 7  
o .ntr*r 
o.nsrz9 
0.0*264 

, 8 .a*%+ . a . 1 1 ~ 5 3  
0.11373 
3.12071 
0 . 1 2 7 9 3  
0 .14173  

0.17034 

b . l M 1 O  
0-22)  31 
0 .  t 'G84  

5.31*67 
* 0.31454 

0 .39978 
0 .b3449 
b . 1 6 l 6 t  

c .s39So 
0.S7318 
0 .bo836 

I 

i 

0 e l  SS37 

o . ta396 

a . . y & y i  

o.sarz3 

a . 6 ~ 2 7 3  

o .7rn3! 

0 . b 7 7 8 b  
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0 . 7 6 9 S n  
6.79644 

0 . 8 5 1 7 5  
0.8807R 
0.1915 h 
0 . 9 0 1 7 5  
0.9z202 
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0.9494 b 
0 . 7 6 3 1 1  
0 , 9 7 7 5 5  
0 . 9 9 1 2 2  
3 . 9 * 8 1 6  

. 0 . 8 2 3 9 6  
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TABLE 8, LANN WING MEASURED ORDINATES AT THE 95% SPAN STATION 

nc 

x/e -SIC 



0.93137 
0.03436 
0.03649 
0.03105 
a.03,rz 
b . d t t t f  
0.042bb 
0,04414 
0 . 6 6 5 4 1  
9.04111 
0 . 0 4 C O l  
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O . O S S 1 ~  
0 . 0 5 b 7 b  
0 .  OS 82b 
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0 .Ob024 
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Q l b U 5 f i  
0.06865 

o a a 5 i 2 4  

O.abSl2 

e.06796 
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o.nasz3 
0.06700 
O.Ob487 
0.01186 
O*OS717 
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a.os221 
6 -0490 b 
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0.04004 
0.03673 
0.033b7 
0 .o 30501 
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TA0l.E I:, LOCATION OF THE LANN WING SRESSCIRE W 4 S D U C E R S  
t 

section: I 
* % e  

5.0 
10.4 
20.0 
30.0 

n = .I89 rl * .L625 rl = -639 n = .814 

I X x X 
x I: 

= I x  

TABLE 12, LOCATION OF WE UNN WlNG ACCELEROMETERS 

40,O 
50.0 

k: 
80-0 

! -ne h 7u.u 

rl f a b 2 0  

1 
X X 

X X 
X 

x X X 
X X 

X 

-r A 

I 
I 
1 I I X  - 

n = '700 

X = 35.2 
(5.7 I cl 

x = u7.2 
(39.6 I c )  

8 

7 
I 

X. = 512.9 
(71.0 % c; 

9 

n = .920 
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TABLE 13. !ANN WlNC STIFFNESS DISTRIBUTIONS 

EA ELASTIC M I S  

El BENDING STIFfNESS, LB IN2 
CJ TORSIONAL STIFFNES, U IN2 

ws WING STATION 
a SWEEP ANGLE OF 3896, CHORD LINE, DEG 

THE DISTRISUTI@N9 Of €I ANC GJ ARE RELATED TO M N G  SECTIONS 
N O W 1  TO THE ASSUMED EiASTlC AXIS. 

0 
12.5 

25 00 

37.5 
50 .O 
62.5 

75 .O 
87 ,S 

1oC 

115.6 

61.7 

36.8 

23.0 

14.3 

2,3!+ 
3.55 
1.81 

e 7 7  

82.6 

49 .O 
31.9 

22.9 
15.6 

17.c 

6.76 

3. n 
2.30 



TABLE 14. LANN WING WIGHT AND INERTIA DISTRIBUTIONS 
(ELASTIC AXIS COORDINATE SYSTEM) 

ERCENT SPAN 
ALONG fA. 

WEIGHT 
m 

13.12 

10.95 
10.38 

a. 92 

7, Is 
5.83 

5. T7 
4.11 

3.43 
2.m 

I I14 

98.3 
68.9 

51.6 

%,a 
50.3 

13.2 
9.0 

8.6 

20.5 

16.6 

15.8 

13.6 

10.9 

8.4 
8,0 

4.7 
5.2 
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STATIC 
MOMEM 
(Le - IN) 

3=28 2.59 ! 
.?a 
.n 
.a 
e74 I 

,a8 i 

.W 

.a 

.13 I 

TABLE 15. CUMARfSUN OF MEASURED AND CALCULATED LANN WING 
N C W L  MODE FREQUENCIES 

1ST ENDING 
2ND ENCING 
3RD W I N G  
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T A R E  14. UNN WING STEADY TEST PROGRAM (RUN ID NUMBERS) 

-0.4 
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TABLE 17. UNN WING UNSTEADY TEST PROGRAM (RUN ID NUMBERS) 
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0-62 
0.72 

- 

0.77 

SA? 
0 -95 

0.82 

0.62 

0 .?2 

0.77 
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0.72 

c .'?7 
0.82 

oe87 
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0.62 

0 '72 
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~- 

12 
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91 
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2 50 

I 87 
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73 

92 
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2 12 
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L J  

32 

65  

ijC 

95 
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115 
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lg i  

49 
275 - 

-q 
.025 3 33 

66 
87 
96 

103 

1 

108 I 
1 

? 16 

i 28 
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173 

182 I 



TABU 18, LANN WING TEST PROGRAM FOR AMPLITUDE AND HIGHER 
HARMONICS (RUN ID NUM5ERS) 



TABLE I9* ADDITIONAL !ANN WING QUASI-STEADY TEST 2E3CZLTS 
F O R  UNSTEADY E S T  PROGRAM (RUN 1D NUMBERS) 
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Figure 6, Fknding Stiffness Distribution 
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Figure 11. 81a ‘--Diagram 4 PHAROS Oora Asquisitian and Reductim System 
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(f) SPAN-STATION = 0.82 



Figure 13. Ordinates of U N N  Wing Airfoil Sectiaas (Sheet 4 of 4) 
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(b) N U  COEFFICIENTS 
Canputed Steady Flow Pressur=. Distributions on 
Wmg with XTRAN3SCode 

Figure I4* 
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LRNN WING [BOEING/NRSR-LFiNGLEY X T A A N 3 S l  

HRCH NC. - 0.72000 
N E W  FlNGLE - 0.60000 
R E O .  FEEQ. = O.OCGU0 
W I N G  PITCH = 0.0QQ00 
STEPS/CYC. = a 

NERN VF~LUE = t.aoaaa 
~ P L I T U O E  - u.oaaoo 
PHRSE IF~NG. = a.ooooo 

Figure 16. Erne Hirtay of Steady Flow Calculations with 
XYRAN3S Cod4 (Shat 1 of 4) 



LRNN WING !8aEING/Nf3SFl-LRNGLEY X T R f l N 3 S I  

NRCH NO. = 0.a2000 

REO. FAEO. = o.ooooo 
W I N G  PITCH - o.oocau HEAN RNGLE = C.60000 

STEPS/CTC. = 0 

NERN VFILUE = O.GOOO0 
QMFLITUDE = 0.OGOOG 
PHASE FING.  = O.OOCO0 

ca 

@) MACH NUMER = 0.82 AND MEAN ANGLE OF ATTACK = 0,tO 

Figure 16, Time History of Steady Flow Calculations with 
XTRAN3S Code (Sheet 2 of 4) 
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nn 
Y Y  

(c) MACH NUMBER = 0.82 AND MEAN ANGLE OF ATTACK = 0.85 
Figure 16. Time History o i  Steady Flow C4IcuIatias with 

XTRAN3.s CoUe (sheet 3 of 4) 
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LRNN N I N G  (EOtING/NRSR-LFiNGLEY XTRFIN3SI 

HHCH NO. * 0.82000 HEAN VflLLJE = 0.00000 
H E ~ N  ANGLC = o.asooo RMPLITUOE = 0.00000 
 EO. FREQ. = o.ooooa PHFlSE ANG. = 0.00000 

STEPS/CYC. = 0 
WING PITCH - o.ooooa 

cu 
Q) 

(d) MACH NUMBER = 0.82 AND MEAN ANGLE OF ATTACK = 0,s 
@RESTARTED FROM A CONVERGED NON-UNIFORM FLOW FIELD) 

Figure 16, Time History of Steady Flow Calcuiatims with 
XTRAN3S Coda (Sheet 4 of 4) 
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Figure 17, Cornparisan of Pressure Distributicia QIJ Wing Computed with 
XTRAN3S cods 



Figure 18. Comparlsm of Pressure DistrIhtion on Wing Cmputed with 
B-B/M cod0 
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(b) SPAN STATION = 0.325 
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(c) SPAN-STATION = 0,475 

Figure 19. Cornparism ot: Cmputcd and M e w r e d  Pressure 
Distributions (Sheet 3 of 6) 
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(d) SPAN-STATION = Q.cS(! 
Figure 13, Cornparism of Cmputed and Measured t-sersuse 

Qistributiaat (Sheet 4 ai 6) 



(e) SPAN-STATION = 0.825 

Figwe 19, Canparka? of Cmputed a d  Measured Pressvie 
Bisttn'hticns (Sheet 5 cf 6) 



(0 SPAN-STATICN = 0.950 

Figure 19, Comparison of Computed and Measured Presure 
DistrihtiaclJ (Sheet 6 of 6; 
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(a) SPAN-STATION = 0.200 

Figure 20. Effect of Change in Mean Angia of Attack cm Pressure 
D i r c i h t i a u  = XTUN35 (Sheer i 0)  6; 



(b) SPAN-STATIGN = 0.325 
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Figure M. Effecf of fhunge in Mea h g i s  of Attacc rn Pressure 
Distrihtims - ATRAN35 (;he& 2 of 6, 
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Figure 20. E f f e c t  oi Change in Mean Angle of Attack CCI P r w i s  
Qistriultionr - XTUN3S (SI-aet 3 af 6) 



(d) SPAN-STATION = 0,650 

Figure 20. Effect of Change in Mccrrs Angle of Attack cm Pressure 
Disiributims - XTRAN3S (Sheet 4 of 6) 



(e) SPAN-STATiQN = 0,SS 

Figure 20. Effect of Change in Mean Ar,gle of Attack an Pressure 
Ciitsikrtim - XiRAN3S (Sliett 5 of 6) 
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[: SPAN-STATION = 0.950 

Figuse 20, Effect of Change in Memi Angle of &tack QI P,*cssure 
Distributions - XTUN3S (Sheet h of 6) 
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(a) SPAN-STATION = 0.200 

Figure 21. EEact cf Change in Mean Angle ~f Aftack m Pressure 
Distrikrticns - b-5 C d e  (Sheet 1 of 5) 
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! Effect of Changs ir. .Aeon Arigle oT Attack -! Prusur 
DZstributims - 8-8 Code (She. 2 ol 6) 



(e) SPAN-STATION = 0.475 
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(4 SPAN-STATION = 0.650 

Figure 21, Effect of h g a  in MMn h g l e  o Attack QP 
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(e) SPAN-STAT1 ON = 0 825 

Figure 21. Effect of Change in Mea Angle of Attack m P r s u t r e  
Distributiarat - B-8 Coch (Shaet 5 of 6) 



(f) SPAN-STATION = 0.950 

Figure 21. Effect of Change in Mean -!e ct .Ma& ~t Prasw9 
Qistrihrtims - B-8 Code (Sheat 6 of 6) 



(a) MEASURED NORMAL tCRCE OF U N N  WING AND WING A 

FEwm 22, Co;rri;arisar of N m l  Face versus Mean Angle cd Attack for 
Fixed Ma& Nu& (Sheut 1 of 2) 
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(b) COMPUTED AND MEASURCB ?ESULTS 

Figum 22. Ccmfxzrison of N m a l  Force versus Mean Angle of Attack 
F i d  Mach Number (Sheet 2 of 2) 
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Figure 24. Conparison of Corputed and Mecsurcd Normal F a c e  versus 
Mach Number fw Fixed Mea? Angle of Atrack 
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Figure 25. Cornparism of Computcd and Meassred ?Itch &\met V ~ S G S  

Mach Numbar fa. Fixad Mean Angle of Attack 
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(a) MEAN ANGLE OF ATTACK = -0.40 CEGREE 

Figure 26. Comlparism of Computed cnd Meusured Span-Loading 
Distributions ~t Design Mach Number (Shear 1 of 5)  
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af+m - 0.3589 0.3500 
Rcxn = 5.4841 0 . m  E a  
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(b> MEAN ANGLE OF ATTACK = 0.35 DEGREE 

Figwe 26. Comparison of Computed and Meaired Span-Lmciing 
Distributions ar Design Mach X ~ n b e r  (Sheet 2 of 5)  
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(d) M€AN ANGLE OF ATTACK = 0.85 DEGREE 
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( e )  HEAN ANGLE OF ATTACK = 1.6 DEGREE 

Figure 26. Canpatism d Gmprted und M-md Span-Lading 
Distributiau at Design Mach Nu& (Saet 5 Oi 5)  
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Figure 27. Effect of Mach b m & r  Variarim cm ?resure Dt~tsiwtirxls 
fa Fixed Maan h g l a  of Attack (Sheet 1 ai 6)  



(b) SPAN-STATION = 3.325 
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(c) SPAN-STATION 0.475 

Figrlro 2?. Effect of .Mach Nwnbar Vurictia? QI Rszrurc Ditt r ibut iw 
for Fixed Muan A n g h  d Attack (Sheet 3 of 6) 
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(6) SPAN-STATION = 0,650 

Figura 27. Effact of Mach Nurnkr Variutim QI P m r e  Distributims 
far Fixed Meon hgia  of Mack (Seat 4 of 6) 
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(e) SPAN-STATIO& = 0.825 

Figure 27, Effect of Mach N u z h  ‘da;ioticm m Pressure Dir tr ibut iau  
for Fixed Msan Ai& af Attack (Sheet 5 of 6) 
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Figwe 27. Et’&t;; af Mach Number Variation QI f r s g u r s  Distribuiiau 
fa fixed Muan Angle of Mack (Sheet 6 of 6) 



- LRNIJ WING 

IJFICH NO. - 0.82000 
YEAN ANGLE = 0,60000 
REO. FAEQ. - 0.20463 
UING P I T C H  - 0.62080 
STEPS/CYC. - 72C 

NEFlN ‘JFlLUE = 0.35029 
RHPLITUOE = 0.0296U 
PHFISE ?NC. = 9.59324 

Figure 28. Lhstsgdy Nawl Focce Due tQ P i t c h  Csciliotim 
at W g n  Carditiau (Shest 1 of 4) 
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LRNN W I N G  

HFlCH NO. = 0.82000 
. HERti fiNCLE - 0.60000 

RED. FREO. - 0.61121 
WING P I T C H  - 0.62080 
STEPSI~YC, - 2ua 

FIERN Vf3LUE = 0.34998 
Flt lPLITUOE = t.01S90 
PHflSE 8NG, = 350.30035 

Figure 28, Unshad-1 NmaI  Fortb Due to Fitch Oscillation 
at Design Cmditiw (Sheet 2 of 4) 
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LANN -M I NG 

HRCH NO, - 0 82000 
MERN FlNGLE = 0.60000 
RED. FREQ. = 0.110657 
WING P I T C H  = O.SZO8G 
SlEPS/GYC. 360 

HERN VFlLUE * Q.3SOOq 
RHPLITUOE = 0.02183 
PHRSE RNG. = -0.07~ao 

Figure 28. Unsteady Normal Force Due to Pitch GsciJlatia 
at Design Cmditians (Sheet 3 d 4) 



MACH MERN P!TC% 
NUMB&?? - 0.8205 RLPHFI - 0.6009 AMP(QEC1 = 0.2497 

(d) MEASURED DATA FOR 24 Hz, 42 Mz AND 72 !iz 

Unsteady Normal hrc8 Due to Pitc'i GciS!crtiorr 
at Design Carditiazt (Sheat 4 of 4) 

Figure 28. 



(a) ANGULAR POS!TIOY = 0.0 DEGREE 

(bj ANGULAR POSITlCiV = 45.0 DEGREES 

Figure 29. Cmparisa, of Computed and Measured Pressure Distributicns ~1 Wing 
ai Several Pitch Angular Pcdioru for Run 8!j (48 ~ z j  (Sheet 1 of 4) 



(c) ANGUIAR BCSIT1ON = m.0 DEGREES 

(d) ANGULAR POSlT!ON = 135.0 DEGREES 

Figure A I .  Comparison of Conputad and Macrrurad Pressure Disttlbutim cm Wing 
at Severrll Pit& AnguIw Positions fa Run 85 (-48 Hz) (Sheet 2 of 4) 
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6) ANGULAR POSITION = 27Q.O DECREES 

(h) ANGULAR PCSl110b1 = 315.0 DEGREES 

Figure 29. Compcrirm of Carqxrted and Measured Pressure Distributions cm Wing 
at Several Pitch Anguicxr Pasitions fa Run 85 (48 Hr j  (Sheet 4 of 4) 
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Figure 30, Canpotism of Carrputed and *rad Chadwisa Pressure Diztr ihut ia t t  
at Several Pitch hgutar Pcaitfonz far Run (48 Hr) (%et I a' 6) 
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Figure 30, Cmparircn of Coqautad and h i e d  Chadwise Pressure Distributiuu 
.It k a a l  Pit& Angular Pcsitiaru far Run 85 (48 Hz) (Sheet 2 of 6) 
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(c) SPAN-STATION = 0.475 
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(d) SPAN-STATION = 0.650 

Figure 30. Carrporiron d Carputad and kbasurad Chordwise Pressure Distributions 
at S a l  Bitch Angular P a i t i a u  for Run 85 (48 Hr) (Sheet 4 ol 6) 



(e) SPAN-STATION = 0.825 

FigurL r), Camporitcn of Computed and frtaontred Chordwise Pressure Distributions 
at Sevsral P i i d  Angular Bouitiaas fa R u n  85 (4 Hz) (Sheet 5 of 6) 



( f )  SPAN-STATION = Q,950 

Figure 30. Cornparim of Canputad and Measured Chordwise Pressure Distributions 
at jev.lal Pitch Anguiur Paritions for Run 85 (48 Mz) (Sheet 6 d 6) 



KST e. 
rsraC - 0.8193 0.- 
mml- 0 . m  0 . m  

x/c 
(a) SPAN-STATlOh = 8.xx) 

Canpariron of Computed and Measured Quasi-Steady Resurre 
DEitarsncs at Several Span-Sbatims (Sheet 1 of 6) 

Figurs 31, 
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(B) SPAN-STATION = 3.325 

Figure 31. Cxnparissn of Computed and Measured Quasi-Steady Resurn 
Diffcvancu at Several Span-Staticna (Sheet 2 of 6) 
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Figure 31, Canparison of Computed and Measured Quasi-Steady Tsessure 
Difference at k e s c !  Span-Statians (Sheet 3 of .6 )  
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id) SrAN-SJATiON = 6.650 

Figure 31, Cmparisal of Computed and Measured Quasi-Steady Pressure 
Difference at Sevarai Span-S:ations (Sheet 4 of 6) 
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(e) SPAN-STATICN = Q..% 

Firire 3?.  Cocnparisan of Conputed Q R ~  ?:ecmsured Cuc&-Steady Pressure 
Difference ut Several Spa-Statim..; (Sheet 5 of G j  

123 



'1 

0 I 
1 

I(tJ SPAN-STATION = 0,950 

e 

Figure 31. Compark-w of Camputecl and Mearurcd Quasi-Steady Pr-ure 
Difference at Several Span-Stations (Shoat 6 of 6) 
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